The association between low-level crystalline silica (silica) exposure and mortality risk is not well understood. We investigated a cohort of 44,807 Chinese workers who had worked in metal mines or pottery factories for at least 1 year from January 1, 1960, to December 31, 1974, and were followed through 2003. Low-level silica exposure was defined as having a lifetime highest annual mean silica exposure at or under a permissible exposure limit (PEL). We considered 3 widely used PELs, including 0.05 mg/m 3 , 0.10 mg/m 3 , and 0.35 mg/m 3 . Cumulative silica exposure was estimated by linking a job exposure matrix with each participant's work history. For the 0.10-mg/m 3 exposure level, Cox proportional hazards models showed significantly increased risk of mortality from all diseases (for each 1-ln mg/m 3 -years increase in logged cumulative silica exposure, hazard ratio (HR) = 1.05, 95% confidence interval (CI): 1.03, 1.07), malignant neoplasms (HR = 1.06, 95% CI: 1.03, 1.09), lung cancer (HR = 1.08, 95% CI: 1.02, 1.14), ischemic heart disease (HR = 1.09, 95% CI: 1.02, 1.16), pulmonary heart disease (HR = 1.08, 95% CI: 1.00, 1.16), and respiratory disease (HR = 1.20, 95% CI: 1.14, 1.26). The 0.05-mg/m 3 and 0.35-mg/m 3 exposure levels yielded similar associations. Long-term exposure to low levels (PELs ≤0.05 mg/m 3 , ≤0.10 mg/m 3 , or ≤0.35 mg/m 3 ) of silica is associated with increased total and certain cause-specific mortality risk. Control of ambient silica levels and use of personal protective equipment should be emphasized in practice.
As the most abundant mineral on the earth's crust, crystalline silica (silica) is a basic component of soil, sand, granite, and many other minerals. Environmental exposure to silica can occur when ambient silica is emitted into the air as a component of particulate emissions produced by natural, agricultural, and industrial activities (1, 2) . Natural sources include sandy beaches, windblown soils, and long-range transport during dust storms (3, 4) . Agricultural silica exposures are caused by working the soil and harvesting certain types of crops (5) . Occupational exposure to silica is very common in industries such as metal or coal mining, construction, painting, glass production, and foundries (6) . In the United States, approximately 2.2 million workers are exposed to silica in their workplaces (7) . It has been estimated that over 2 million workers in European Union countries are exposed to silica (8) . Jindal (9) recently reported that over 3 million workers in India are exposed to silica dust, while 8.5 million more work in construction and building activities, similarly exposed to silica. Chen et al. (10) estimated that in China, over 23 million workers might be directly or indirectly exposed to silica. Industries are also potential sources of silica emissions to the ambient air and contribute to environmental silica exposure for the general population. The air pollutants particulate matter less than or equal to 10 μm in aerodynamic diameter (PM 10 ) and particulate matter less than or equal to 2.5 μm in aerodynamic diameter have also been identified as potential sources of silica, especially in highly polluted areas (3) .
The adverse health effects of silica exposure have drawn much public health concern globally. In previous studies, positive associations between silica exposure and increased risk of respiratory diseases, malignant neoplasms, heart diseases, and autoimmune diseases have been reported (10) (11) (12) (13) (14) (15) (16) (17) . Most of these studies were conducted among occupational populations who were exposed to relatively high silica levels, and thus they were unable to address adverse health effects caused by low-level silica exposure (under a given permissible exposure limit (PEL), for example). Silica exposures from agricultural or natural sources are generally lower than those from industrial sources. However, previous studies have suggested that agricultural activities, sandstorms, and air pollution can cause silica exposures at levels similar to those caused by industrial activities (4, 5) . Nonetheless, evidence on health effects caused by relatively low levels of silica exposure from agricultural sources, natural sources, and air pollution is limited (5, 6) .
Therefore, we analyzed data from a large cohort of Chinese workers exposed to silica to investigate exposure-response associations between low-level silica exposure and risk of total and cause-specific mortality. Silica exposure was assessed for each participant by using a job exposure matrix and his/her work history. We aimed to investigate whether low-level silica exposure can cause increased mortality risk.
METHODS

Study population
Details on the design and methods of the Chinese cohort study have been described previously (10, 18) . In brief, the cohort was established in the late 1980s and included 74,040 workers from 29 metal mines or pottery factories in south central China who had worked in the mine or factory for at least 1 year between January 1, 1960, and December 31, 1974. The cohort was then retrospectively followed to 1960 and prospectively followed to December 31, 2003 . The overall rate of loss to follow-up was 4.6% (10) . We restricted this study to 44,807 workers, after the exclusion of 8,268 workers without data on work history and 20,965 workers who had ever been exposed to silica at levels greater than 0.35 mg/m 3 .
Assessment of covariates and exposure
All of the 44,807 cohort participants were traced for information on demographic factors, lifestyle, work history, and cause of death in 1986, 1995, and 2004 by trained investigators, until the participants were lost to follow-up or died. Using a questionnaire, we collected detailed data on smoking in 1986, 1995, and 2004, which included average number of cigarettes smoked per day and corresponding starting and ending dates. Our study on the reliability of the data in 2004 suggested that the smoking data were reasonably accurate (12) . Amount of smoking in pack-years was calculated by multiplying packs per day (1 pack = 20 cigarettes) by duration of smoking (years). Among the 44,807 study participants, 14,817 (33%) lacked data on smoking status or smoking amount. Since we needed sufficient statistical power to detect exposure-response associations, we retained these participants by defining them as having missing data for the indicator of smoking status or category of smoking amount.
Quantitative assessment of silica exposure was conducted using a job exposure matrix. To develop the matrix, we used the original Chinese measurements of total dust and calculated the average Chinese total dust concentration (in mg/m 3 ) for all job titles by year in the studied facilities since 1950. Subsequently, side-by-side dust sampling was conducted to determine a conversion factor by which Chinese total dust measurements could be converted to measures of respirable silica in mg/m 3 (10, 19) . The facility-, job-, and year-specific respirable silica concentrations were then used to create the job exposure matrix.
Work history for each participant was obtained by an industrial hygienist using employee rosters during follow-up. By linking the job exposure matrix and the information on work history, cumulative silica exposure (mg/m 3 -years) for each participant was estimated using the following equation:
where n is the total number of periods a participant worked in different jobs, C i is silica concentration in mg/m 3 for the ith job, and T i is working years for the ith job.
To classify whether a participant had been exposed to low levels of silica, we used lifetime highest silica exposure, which was defined as the highest annual mean concentration that the participant had ever been exposed to during his/her working lifetime. A participant was defined as exposed to low levels of silica if his/her lifetime highest silica exposure was less than or equal to 0.35 mg/m 3 (n = 44,807). We also used 0.05 mg/m 3 and 0.10 mg/m 3 to define low-level silica exposure by restricting the study participants to those who had never been exposed to silica levels higher than 0.05 mg/m 3 (n = 28,770) or 0.10 mg/m 3 (n = 35,217).
Outcomes
We traced vital status for all study participants based on hospital medical records, employment registers, accident records, death certificates, or oral reports from relatives (10) . Underlying cause of death was obtained for each participant and then coded using the International Classification of Diseases, Tenth Revision (ICD-10). We divided causes of death into all diseases (ICD-10 codes A00-Y98), malignant neoplasms (ICD-10 codes C00-C97), certain infectious and parasitic diseases (ICD-10 codes A00-B99 and J65), diseases of the circulatory system (ICD-10 codes I00-I99), diseases of the respiratory system (ICD-10 codes J00-J99), and diseases of the digestive system (ICD-10 codes K00-K93). Due to the limited number of deaths, other causes of death were not included in this study. mortality risk. We used age as the time variable to define the risk sets for mortality (20) . Hazard ratios and 95% confidence intervals for cumulative silica exposure (time-dependent) were estimated to assess the exposure-response associations, adjusting for sex, year of birth, type of facility, and amount of smoking (time-dependent). We conducted sensitivity analyses via either modeling without adjustment for smoking or excluding individuals without smoking data to validate the adjustment for smoking amount by putting persons without smoking data into an "unknown" category.
We grouped cumulative silica exposure into quartiles based on the distribution among deceased participants with silica exposure, and we estimated the hazard ratios for each quartile, with the unexposed as the reference category. We also assessed the hazard ratios associated with each 1-unit increase in unlogged or logged cumulative silica exposure by including it as a continuous variable in the model. To avoid taking the natural logarithm of 0, we added 0.01 to the cumulative silica exposures before taking the logs. Akaike's Information Criterion was used to compare the efficiency of these models.
Stratified analyses were conducted to investigate whether the associations were modified by sex, type of facility, or smoking status. Tests for effect modification were performed with likelihood ratio tests, by comparing 2 nested multivariate models with and without an interaction term for silica exposure and the stratification variable. All analyses were conducted using SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina). All P values were 2-sided.
RESULTS
The 44,807 study participants (male: n = 36,400, 81.2%) were from 10 tungsten mines, 6 iron/copper mines, 4 tin mines, and 9 pottery factories. Of these persons, 24,731 had never been exposed to silica, and 20,076 had been exposed at a lifetime highest silica concentration less than or equal to 0.35 mg/m 3 . Among the 20,076 exposed participants, 10,486 and 4,039 participants were exposed to silica at lifetime highest silica concentrations of ≤0.10 mg/m 3 and ≤0.05 mg/m 3 , respectively.
Selected characteristics of the cohort participants by silica exposure level are shown in Table 1 . Among participants who had complete smoking data, 17,896 (57.6%) were ever smokers, with an average smoking amount of 32.9 pack-years. Age at first exposure to silica and duration of silica exposure were not materially different among persons in the 3 low silica exposure levels. During a median of 33.5 years of follow-up (1,432,101.8 person-years) of the 44,807 study participants, we identified 8,506 deaths from any cause, resulting in an overall mortality rate of 594.0 per 100,000 person-years. The mortality rate for participants without silica exposure (n = 4,209) was 550.7 per 100,000 person-years, while the mortality rates for participants with lifetime highest silica exposures of ≤0.05 mg/m 3 (n = 726), ≤0.10 mg/m 3 (n = 1,865), and ≤0.35 mg/m 3 (n = 4,297) were 524.7, 536.3, and 643.4 per 100,000 person-years, respectively. The 3 leading causes of death were diseases of the circulatory system, malignant neoplasms, and external causes. Cumulative mortality from pneumoconiosis (1.1%, 2.0%, and 4.9%) and pulmonary heart disease (2.6%, 3.6%, and 7.1%) increased with increasing silica exposure levels ( Table 2) . Tables 3-5 , and ≤0.35 mg/m 3 , respectively. For the 0.10-mg/m 3 level, after adjustment for type of facility, sex, year of birth, and smoking, silica exposure was associated with increased total mortality risk (for quartiles of cumulative silica exposure, hazard ratios were 1.11, 1.23, 1.33, and 1.18; P linear < 0.001; Table 4 , Figure 1 ); continuous models using both unlogged and logged cumulative silica exposure also showed positive exposure-response associations (all P's < 0.001; see Web Table 1 , available at https://academic.oup.com/aje/). In general, models using logged cumulative silica exposure fitted our data the best, with a minimal Akaike's Information Criterion statistic. Significant exposureresponse associations were also found for mortality from malignant neoplasms (for logged cumulative silica exposure, hazard ratio (HR) = 1.06, 95% confidence interval (CI): 1.03, 1.09), lung cancer (HR = 1.08, 95% CI: 1.02, 1.14), ischemic heart disease (HR = 1.09, 95% CI: 1.02, 1.16), pulmonary heart disease (HR = 1.08, 95% CI: 1.00, 1.16), respiratory disease (HR = 1.20, 95% CI: 1.14, 1.26), and pneumoconiosis (HR = 1.57, 95% CI: 1.00, 2.45). Results of the categorical analyses for mortality risk from all diseases, malignant neoplasms, lung cancer, and respiratory diseases showed attenuated hazard ratios for the fourth quartile of cumulative silica exposure.
Similar exposure-response associations were observed for the 0.05-mg/m 3 and 0.35-mg/m 3 exposure levels (Tables 3  and 5 , Figure 1 , Web Table 1 ), except that the associations for pulmonary heart disease and pneumoconiosis were not statistically significant for the 0.05-mg/m 3 exposure level and the association between silica and circulatory diseases became significant for the 0.35-mg/m 3 exposure level. The sensitivity analyses suggested that different methods of smoking adjustment did not significantly influence the exposure-response associations.
Web Table 2 shows results of the stratified analyses of the 0.35-mg/m 3 exposure level. The results from continuous models indicated that the associations among never and ever smokers did not vary materially, though the categorical analyses indicated some differences in hazard ratios for exposure quartiles. Nonetheless, the likelihood ratio tests did not suggest significant effect modification by smoking status (P > 0.05). Stratification analyses by sex and type of facility produced similar results and did not suggest significant effect modification.
DISCUSSION
In this large cohort study, we found positive exposureresponse associations between low-level silica exposure and risk of mortality from all diseases, lung cancer, ischemic heart disease, pulmonary heart disease, and respiratory disease. These associations were unlikely to be modified by smoking, sex, or type of facility.
We defined low-level silica exposure as lifetime exposure at or under given silica concentrations (0.05 mg/m Silica exposure has been associated with mortality from silicosis, lung cancer, respiratory disease, ischemic heart disease, and renal disease, but few previous studies examined the associations among workers with lifetime exposure under a given PEL (10) (11) (12) (13) (14) . For example, in a pooled study of 10 silica-exposed cohorts investigating the association between silica and lung cancer, the median silica exposures in the cohorts ranged from 0.05 mg/m 3 to 0.59 mg/m 3 (13) . Since a PEL is intended to protect workers' health, it is of interest and important to identify potential adverse health effects among workers who are exposed to silica with lifetime concentrations under the PEL. Our results suggest that lifetime silica exposure, even at or under PELs, is associated with an overall increase in total mortality risk of approximately 20%. The association in this study tended to be weaker than that estimated in our previous study (a 38% increase), which included workers with silica exposure even higher than the PELs in this analysis (10) . We found a positive exposure-response association for lung cancer associated with low-level silica exposure. It was expected that the models using logged cumulative silica exposure would fit the data best, because the hazard ratios tend to tail off at the highest exposures (13) , which can also be found in categorical analyses. Possible reasons include biological saturation of the system after a certain degree of silica exposure, the "healthy worker" survivor effect, and a depletion of susceptible workers at high exposure levels (22) . In comparison with our previous results among workers with any level of silica exposure (12) , it is interesting that lowlevel silica exposure was associated with a similar overall increased risk of lung cancer (exposed vs. unexposed; 43%, 41%, and 45% for the 0. -years increase were also close (1.09, 1.08, and 1.10, respectively, vs. 1.07), indicating that low-level exposure of longer duration could yield a similar lung cancer mortality risk as high-level exposure of shorter duration. As previously compared, our results were similar to the estimate from the pooled study of 10 cohorts published in 2001 (13) and slightly different from those of other studies (12, 23, 24) .
We found significant associations for pulmonary and ischemic heart disease associated with low-level silica exposure, whereas we did not find significant associations among workers with any level of silica exposure in previous studies (10, 11) . These results suggest that workers with low-level silica exposure tend to have a higher risk of ischemic heart disease mortality, while higher silica exposures are more likely to cause pulmonary heart disease mortality. In this study, deaths from pulmonary heart disease accounted for 8.9%, 11.9%, and 21.2% of circulatory diseases at the 0.05-mg/m 3 , 0.10-mg/m 3 , and 0.35-mg/m 3 exposure levels, respectively; in contrast, ischemic heart disease accounted for 18.7%, 18.1%, and 13.8%, respectively. Pulmonary heart disease is generally considered to result from lung disorders, such as silicosis and chronic bronchitis. A necropsy-based case-control study of 732 South African gold miners suggested that both the presence of silicosis and the severity of silicosis were associated with the development of pulmonary heart disease (25). Dong et al. (26) reported that the standardized rate ratio for pulmonary heart disease mortality among silicosis cases was over 3 times higher than that among persons without silicosis. Similarly, in a recent study, Tse et al. (27) reported that the rate of mortality from pulmonary heart disease among silicosis cases was over 4 times higher than that in the entire Hong Kong male general population. In our study, there were 108 (incidence = 2. ), and 9% exceeded the OSHA PEL by 10 times or more (28). Nonetheless, workers from many other countries, especially low-and middle-income countries, are currently exposed to much higher concentrations of silica than US workers (6) .
Second, our results add evidence concerning agricultural silica exposure. It has been reported that agricultural workers have potential overexposure to silica according to the current PELs (5, 29, 30 ), indicating that silica exposure in agriculture was highly variable but potential overexposure existed during particular activities. The International Labour Organization reports an estimated 1.1 billion farm workers worldwide (31) . While there are few reports that agricultural silica exposure could cause silica-associated disease, the similar level of silica exposure in agriculture as in this study provides some hints that silica might be a risk in agriculture. If this were true, it would be a serious public health concern, particularly in poor and middle-income countries (5). However, further research is needed because of the differences between the mining/pottery activities evaluated in our study and agricultural activities.
Third, our results suggest that silica may contribute to the association between air pollutant particulate matter and health damage. De Berardis et al. (3) reported that PM 10 consisted of up to 10% silica, indicating that the general population in heavily polluted areas (e.g., areas with PM 10 levels over 0.5 mg/m 3 ) may be at higher risk of silica-associated disease.
Finally, our study emphasizes the need for use of personal protective equipment by workers with low-level silica exposure. NIOSH recommends the use of halffacepiece respirators with N95 filters or better for silica concentrations less than or equal to 0.5 mg/m 3 , which is much higher than the current PELs (32).
A unique strength of our study is that we conducted quantitative exposure assessment with sufficient data on silica concentration monitoring and work history for workers, and the sample size of our cohort was large enough to restrict the data analyses among workers with lifetime highest silica exposures at or under the selected PELs (as low as 0.05 mg/m 3 ). Another strength is that our cohort study had a long period of follow-up (median, 33.5 years), which enabled us to detect the association between longterm silica exposure and mortality risk. In addition, we had detailed data on smoking for 65% of our study subjects and considered it as a confounder in our analyses. Our study had several limitations. First, the results of our study cannot answer whether very low-level silica exposure, such as exposure incurred on beaches or in ambient air generally, can cause increased mortality risk. Second, cumulative silica exposure for workers without silica-associated job titles was considered to be zero. This may have slightly biased the association between silica and mortality risk, because these workers typically lived close to their workplaces and might also have been exposed to ambient silica that can be emitted from the workplaces. Third, we lacked smoking data for 33% of our study subjects. However, we included these subjects as having unknown smoking information in our analyses, and sensitivity analyses did not show significant effect modification. Fourth, as in any study, although we adjusted for all available covariates in the analyses, there was still the possibility that residual or unmeasured confounding (such as socioeconomic factors, radon, arsenic, etc.) partly contributed to the associations. Finally, despite some uncertainty, the association between low-level silica exposure and mortality risk may vary across different facilities, and caution should be paid in generalizing our results to other types of facilities.
In summary, in this large cohort study, low-level silica exposure (under given PELs) was significantly associated with increased risk of mortality from all diseases, malignant neoplasms (including lung cancer), circulatory diseases (including ischemic heart disease and pulmonary heart disease), and respiratory disease (including silicosis). Control of ambient silica levels and use of personal protective equipment should be emphasized in practice.
